Some marine sponges harbor dense and phylogenetically complex microbial communities [high microbial abundance (HMA) sponges] whereas others contain only few and less diverse microorganisms [low microbial abundance (LMA) sponges]. We focused on the phylum Chloroflexi that frequently occurs in sponges to investigate the different associations with three HMA and three LMA sponges from New Zealand. By applying a range of microscopical and molecular techniques a clear dichotomy between HMA and LMA sponges was observed: Chloroflexi bacteria were more abundant and diverse in HMA than in LMA sponges. Moreover, different HMA sponges contain similar Chloroflexi communities whereas LMA sponges harbor different and more variable communities which partly resemble Chloroflexi seawater communities. A comprehensive phylogenetic analysis of our own and publicly available sponge-derived Chloroflexi 16S rRNA gene sequences (> 780 sequences) revealed the enormous diversity of this phylum within sponges including 29 sponge-specific and sponge-coral clusters (SSC/SCC) as well as a 'supercluster' consisting of > 250 sponge-derived and a single nonsponge-derived 16S rRNA gene sequence. Interestingly, the majority of sequences obtained from HMA sponges, but only a few from LMA sponges, fell into SSC/SCC clusters. This indicates a much more specific association of Chloroflexi bacteria with HMA sponges and suggests an ecologically important role for these prominent bacteria.
Introduction
Sponges (phylum Porifera) are the oldest and morphologically simplest of the metazoan phyla. They have a global distribution in all aquatic habitats from polar seas to coral reefs and from shallow habitats to the depths of the oceans. Sponges often represent dominant members of benthic communities and are ecologically highly important as they can influence many benthic and pelagic processes. Despite a simple body plan, sponges possess a remarkably complex immune system (Wiens et al., 2007; Gauthier et al., 2010) , are capable of biomineralization (Jackson et al., 2007; Ehrlich et al., 2010) and are a rich source of novel, bioactive compounds (Laport et al., 2009; Blunt et al., 2010; Thomas et al., 2010b) . Sponges have also attracted much interest from microbiologists due to their association with highly abundant and exceptionally diverse microbial communities (Grozdanov & Hentschel, 2007; Taylor et al., 2007; Vogel, 2008; Webster & Blackall, 2009) .
The diversity of microorganisms in sponges includes members of the domain Archaea and representatives of ! 21 different bacterial phyla which were detected using conventional molecular methods such as 16S rRNA gene libraries (Taylor et al., 2007; Webster et al., 2008; Zhu et al., 2008; Sipkema et al., 2009) . The application of next-generation sequencing technologies that allow a much better description of the 'rare biosphere' (Sogin et al., 2006) recently increased the number of known bacterial phyla in sponges to ! 30 (Webster et al., 2010; Schmitt et al., 2011) . Many of the detected phyla are formally described, such as the Actinobacteria, Chloroflexi, Cyanobacteria, Nitrospira, and Proteobacteria, however, several candidate phyla have also been discovered in sponges, e.g. OD1, OP1, TM7, SBR1093, and Poribacteria (Fieseler et al., 2004; Thiel et al., 2007; Webster et al., 2008; Schmitt et al., 2011) .
The sponge-microorganism association is often regarded as a mutualistic symbiosis. Sponges seem to provide a favorable environment to their microbial symbionts as indicated by the extraordinarily high abundance of sponge symbionts. On the other hand, sponge-associated bacteria are capable of a range of metabolic processes such as nitrification, nitrogen fixation, sulfate reduction, and photosynthesis (Wilkinson, 1979; Bayer et al., 2008; Hoffmann et al., 2009; Mohamed et al., 2010; Schlappy et al., 2010) and likely contribute to sponge nutrition (Weisz et al., 2007) . Some bacteria in sponges also produce secondary metabolites that are thought to act as a chemical defense within the sponge hosts (Kennedy et al., 2007; Thomas et al., 2010b) . Genomic information is currently being used to further characterize these bacterial symbionts (Hochmuth et al., 2010; Thomas et al., 2010a; Siegl et al., 2011) . Consistent with a close symbiosis, spongeassociated bacteria are also thought to be specifically associated with sponges. Sponge-specific bacteria are found in geographically and phylogenetically distinct sponge hosts, but seem to be virtually absent from seawater or other environments (Hentschel et al., 2002; Taylor et al., 2007; Webster et al., 2010) , and are vertically transmitted through sponge reproductive stages (Enticknap et al., 2006; Maldonado, 2007; Schmitt et al., 2007b Schmitt et al., , 2008 .
Despite increasing knowledge on the diversity of the sponge microbiome and a developing understanding of the function of certain sponge symbionts, many questions regarding this complex association remain open. For example, besides sponges which contain dense microbial communities and were therefore termed bacteriosponges or high microbial abundance (HMA) sponges, a second group of sponges also exists that contain only few bacteria and have therefore been termed low microbial abundance (LMA) sponges (Reiswig, 1981; Hentschel et al., 2003) . Microbial communities in the latter are generally less diverse, as well as less abundant (Weisz et al., 2007; Kamke et al., 2010) . The reason for these differences between HMA and LMA sponges which co-occur in the same habitat remains unclear. To investigate this phenomenon further, and to determine whether previously observed general patterns also hold at the bacterial phylum level, we examined members of the phylum Chloroflexi in three HMA and three LMA sponges collected at the same site off the coast of New Zealand. The Chloroflexi is one of the most common and diverse bacterial phyla in sponges and contains many sponge-specific lineages. We employed a suite of microscopy and molecular [fluorescence in situ hybridization (FISH), 16S rRNA gene cloning, denaturing gradient gel electrophoresis] approaches to characterize the Chloroflexi community structure, diversity, abundance, and specificity in sponges and other marine samples. In addition, we provide an updated and largely expanded view on the phylogenetic diversity of the phylum Chloroflexi in sponges.
Materials and methods

Sample collection
The following samples were collected in triplicate by SCUBA diving at Jones Bay, northeastern New Zealand (36°23′S, 174°49′E) at depths of 3-10 m in October 2009: five sponge species (Ancorina alata, Stelletta maori, Raspailia topsenti, Polymastia sp., and Tethya stolonifera), three algae (Glossophora kunthii, Cystophora torulosa, Ecklonia radiata), two ascidian species A and B (unidentified), one gastropod species (unidentified), biofilm on rocks, and seawater samples. In addition, one individual of an unidentified sponge species (termed 'S1') was taken at the same site in November 2008. Samples were transferred in plastic bags on ice to the lab. Biofilms were brushed off separately from three rocks using a sterile tooth brush, resuspended in 50 mL H 2 O dd , and filtered using 0.2 lm polycarbonate filters. Three liters of seawater were also filtered using 0.2 lm polycarbonate filters (1 L per filter). The soft bodies of the gastropods were dissected from their shells. The remaining samples were cut into small pieces. All samples were then frozen at À80°C for ! 48 h, freeze-dried for ! 24 h, and stored at À80°C. Sponge tissue samples for electron microscopy were taken at the same site in October 2009, cut into small pieces of about 1 mm 3 , fixed in 2.5% glutaraldehyde-double distilled water, and kept overnight at 4°C before processing.
Transmission electron microscopy (TEM)
Fixed sponge samples (three individuals per sponge species except S1 where one individual was used) were washed five times in cacodylate buffer (50 mM, pH 7.2), fixed in 2% osmium tetroxide for 90 min, washed five times in double-distilled water, and incubated overnight in 0.5% uranyl acetate. After dehydration in an ethanol series (30%, 50%, 70%, 90%, 96%, and three times at 100% for 30 min each), samples were incubated three times for 30 min in 19 propylene oxide, maintained overnight in 1 : 1 (v/v) propylene oxide-Epon 812 (EM bed-812; Electron Microscopy Science), incubated twice for 2 h in Epon 812, and finally embedded in Epon 812 for 48 h at 60°C. Samples were then sectioned with an ultramicrotome (Leica EM UC6) and examined by TEM (Philips CM12, Fei Company).
Fluorescence in situ hybridization (FISH)
One individual from each sponge species was fixed in 4% paraformaldehyde at 4°C for 3 h, rinsed three times in 19 phosphate-buffered saline (PBS) and stored in ethanol : PBS [1 : 1 (v/v)] at À20°C. Prior to hybridization sponge tissue samples were cryosectioned (6 lm) and transferred to poly-L-lysine coated slides. The slides were then dehydrated in an aqueous ethanol series (50%, 80%, and 96%) for 3 min each and dried with compressed air. Sponge sections were simultaneously hybridized with the Cy3-labeled universal probe mix EUB338 I-III (Amann et al., 1990; Daims et al., 1999) and fluorochrome Cy5-labeled Chloroflexi-specific probes GNSB941 (Gich et al., 2001 ) and CFX1223 (Bjornsson et al., 2002) . Both Chloroflexi-specific probes required the same formamide concentration (35%) and all probes were used at a concentration of 3 ng lL
À1
. Hybridization was performed in an isotonically equilibrated humid chamber at 46°C for 3 h. The slides were then incubated for 10 min at 48°C in a washing buffer. After drying, samples were mounted in a mixture [5 + 1 (v/v)] of Citifluor (ProSciTech, Australia) and Vectashield (Vector Laboratories Inc., Canada). Hybridized sponge tissue sections were analyzed using an Olympus Fluoview FV1000 epifluorescence microscope. Digital images were taken and Chloroflexi cells were counted manually on three sections per sponge. On each section one field of view was counted. Field of views comprised an area of 0.0441 mm 2 . To account for nonspecific adhesion of the probes negative control hybridizations with Non-EUB labeled Cy3 and Cy5 were performed and no bacterial cells were detected. Oneway analysis of variance (ANOVA) was performed to determine differences in Chloroflexi cell numbers using the sponge species as the effect variable. Data were tested with a Tukey-Kramer post hoc test. To meet the requirements of normal distribution and equal variance, Chloroflexi cell numbers were BOX COX-transformed. All statistical analyzes were performed with JMP 5.0.1.2 for Macintosh.
DNA extraction and construction of 16S rRNA gene libraries DNA was extracted from 5 to 6 mg of freeze-dried and ground animal tissue, or from each filter, using a CTABbased protocol as described previously (Taylor et al., 2004) . Briefly, cells were disrupted by bead-beating in an ammonium acetate extraction buffer containing chloroform : isoamyl alcohol (24 : 1). DNA was precipitated with 3 M sodium acetate and isopropanol, then washed in 70% ethanol, dried and redissolved in H 2 O dd . A c. 900 bp fragment of the 16S rRNA gene was amplified separately for three individuals of each of the six sponges (three different pieces were used from the single individual of sponge S1) and for seawater using the universal forward primer 616V (5′ AGA GTT TGA TYM TGG CTC 3′) (Juretschko et al., 1998) and the Chloroflexi-specific probe GNSB941 as reverse primer (AAA CCA CAC GCT CCG CT) (Gich et al., 2001) . Cycling conditions on a Mastercycler gradient (Eppendorf) were as follows: initial denaturing step at 94°C for 5 min, followed by 25 cycles of denaturing at 94°C for 30 s, primer annealing at 61.5°C for 45 s and elongation at 72°C for 60 s, and a final extension step at 72°C for 5 min. PCR products from individuals of each sponge species and from the three seawater filters were pooled and ligated into the pGEM-T-easy vector (Promega) and clone libraries were constructed according to the manufacturer's instructions (seven libraries in total). Selected clones were grown overnight at 37°C and after a lysis step for 30 min at 94°C, a second PCR was performed with the vector-specific primers SP6 (5′ TAT TTA GGT GAC ACT ATA G 3′) and T7 (5′ TAA TAC GAC TCA CTA TAG GG 3′). Cycling conditions were the same as described above except that annealing temperature was 50°C and correct-sized inserts were identified using agarose gel electrophoresis. PCR products were sequenced at Macrogen (South Korea) and poor quality sequences as well as chimeric sequences detected with Pintail (Ashelford et al., 2005) were removed from the dataset. To determine the similarity of microbial communities in different environments, hierarchical clustering analysis was performed using an unweighted UNIFRAC algorithm (Lozupone et al., 2006) . Final sequence data were submitted to the DDBJ/ EMBL/GenBank databases under accession numbers GU971201-GU971245 and GU971311-GU971356.
Denaturing gradient gel electrophoresis (DGGE)
The Chloroflexi-specific probes GNSB941 (Gich et al., 2001) and CFX1223 (Bjornsson et al., 2002) were used as forward and reverse primers, respectively. The specificity of this primer pair was tested initially by construction of a clone library as described above using A. alata as template and the following PCR conditions: initial denaturing at 94°C for 5 min, 30 cycles at 94°C for 30 s, 60.4°C for 45 s and 72°C for 1 min. A final extension of 5 min at 72°C was added. Sequencing of 23 clones revealed only 16S rRNA gene sequences affiliated with Chloroflexi. DGGE-PCRs were performed separately for three individuals (three tissue parts for sponge S1) of each of the six sponges, for three individuals of each of three algae species and each of two ascidian species as well as for the snail and biofilm (rock) samples. DGGE was performed using the DGGE-2401 system (C.B.S. Scientific Co.) on a 8% (w/v) polyacrylamide gel in 0.59 TAE and using a 50-70% denaturing gradient; 80% denaturant corresponded to 5.6 M urea and 32% (v/v) deionized formamide. Electrophoresis was performed for 16 h at 100 V and 60°C. Gels were stained for 45 min in SYBR Gold (Invitrogen Ltd) and scanned with a Gel-Doc imaging system (Bio-Rad). Banding patterns were analyzed using GelCompar II 5.10 (Applied Maths, Belgium) creating a band matching table. Analysis was performed using PRIMER-E software 6.1.6 (Plymouth Marine Laboratory, UK) to show the similarity of lanes of the DGGE profiles. Cluster analysis was conducted using the group average linking routine based on a Bray-Curtis resemblance matrix.
Phylogenetic analysis and tree construction
Operational taxonomic units (OTUs) and Chao1 richness estimators were calculated at 98% and 95% thresholds using Mothur (Schloss et al., 2009) . The phylogenetic analysis of sponge-associated Chloroflexi bacteria was based on the alignment of Taylor et al. (2007) that included all sponge-derived 16S rRNA gene sequences available until February 2006. In this study we updated the database to include all Chloroflexi-affiliated 16S rRNA gene sequences present in the GenBank database on 28th February 2010. These 16S rRNA gene sequences, together with the newly obtained 16S rRNA gene sequences from this study, as well as their closest relatives identified by initial BLAST searches (http://blast.ncbi.nlm.nih.gov/Blast. cgi; (Altschul et al., 1990) were automatically aligned to a SILVA reference alignment using the SINA Webaligner and merged into the SILVA version 100 database (Ludwig et al., 2004; Pruesse et al., 2007) . The alignment was then manually refined (inspection of the automatic alignment by eye and manual corrections where appropriate using the editor tool in the ARB software package). Distance (neighbor-joining with Jukes-Cantor correction), maximum parsimony, and maximum likelihood trees were calculated in ARB using long ( ! 1200 bp) sequences only and a newly created 50% conservation filter for Chloroflexi (ranging from Escherichia coli positions 101-1405). Shorter sequences (indicated by dashed lines) were added using the parsimony interactive tool in ARB without changing the tree topology. Phylogenetic consensus trees, using the maximum likelihood tree as a backbone, were manually constructed (Ludwig et al., 1998) . Maximum parsimony bootstraps (100 resamplings) were performed to further assess the stability of observed branching patterns.
Results
Electron microscopy
Transmission electron microscopy (TEM) was used to group sponges into one of the two categories: HMA or LMA sponges as done by Hentschel et al. (2003) . Ancorina alata and Polymastia sp. were previously identified as HMA and LMA sponges, respectively (Kamke et al., 2010) . Large numbers of microbial cells were detected in micrographs of S. maori and an unidentified sponge 'S1' (Fig. 1) . Diverse morphotypes were located extracellularly in the sponge mesohyl. In contrast, few microbial cells were found in the mesohyl of T. stolonifera and very few cells were detected in R. topsenti (Fig. 1 and data not  shown) . Hence, S. maori and the sponge S1 clearly belong to the group of HMA sponges whereas R. topsenti and T. stolonifera are classified as typical LMA sponges.
Fluorescence in situ hybridization FISH was applied to visualize and quantify Chloroflexi cells in the sponges. Despite trialing various image analysis programs as well as using visual counts it was not possible to determine the total number of bacteria, represented by EUB-signals, due to the high number of total bacterial signals in some sponges. Therefore, only Chloroflexi cells were counted. Visual inspection of EUB signals confirmed TEM results in that A. alata and S. maori are HMA sponges whereas the remaining three species are LMA sponges ( Fig. 1 and data not shown; no FISH data were obtained for sponge S1). High numbers (means ± SD) of Chloroflexi-specific signals were found within A. alata and S. maori with 12154.2 ± 392.3 and 19637.2 ± 2634.9 cells per mm 2 of sponge tissue, respectively. Significantly lower Chloroflexi cell numbers (R 2 = 0.0982, F 4,10 = 136.926, P < 0.0001) were determined for the sponges Polymastia sp., R. topsenti, and T. stolonifera with 256.2 ± 95.2, 226.8 ± 104.3, and 1480.7 ± 553.3 cells per mm 2 of sponge tissue, respectively ( Fig. 1 and data not shown) .
Chloroflexi specific 16S rRNA gene libraries Table 1 provides a summary of the results obtained from the Chloroflexi specific 16S rRNA gene libraries. For HMA sponges, up to 47 clones were sequenced and all of these sequences were affiliated with the phylum Chloroflexi. For LMA sponges, up to 23 clones were sequenced and 48-100% of these sequences belonged to the Chloroflexi. Analysis of 46 clones from the seawater library revealed that 9% of all obtained 16S rRNA gene sequences were affiliated with the Chloroflexi. High microbial abundance sponges contained 21 98% operation taxonomic units (OTUs) and 16 95% OTUs whereas LMA sponges contained 10 98% OTUs and 9 95% OTUs. In the seawater sample, three OTUs were found for each of the two clustering thresholds. Chao1 richness values were similar to the observed numbers of 98% and 95% OTUs indicating that most of the Chloroflexi richness in each sponge species and in seawater was sampled (Table 1) . In HMA sponges, > 77% of all 16S rRNA gene sequences fell into sponge-specific clusters (SSC) (see phylogenetic analysis below) and > 95% when the sponge-supercluster (see below) was included. In LMA sponges, 36% of all Chloroflexi-affiliated 16S rRNA gene sequences fell into SSC and 46% when the sponge-supercluster was considered as well. None of the seawater-derived 16S rRNA gene sequences fell into a SSC or into the spongesupercluster. UNIFRAC cluster analysis of the similarity of Chloroflexi communities among the six sponge samples and seawater revealed two clades (Fig. 2) . The first clade contained only HMA sponges with S. maori and sponge S1 having most similar communities. The second clade contained all LMA sponges and seawater with Polymastia sp. and seawater having most similar communities.
Denaturing gradient gel electrophoresis
Chloroflexi community profiles were also compared among the different sponge species and among Chloroflexi bacteria in marine sponges individuals of each of the six sponges using cluster analysis of DGGE banding patterns (Fig. 3a) . Individuals of each sponge species clustered together with low in-cluster variability except for Polymastia sp. which showed slightly more variable Chloroflexi communities among different individuals. High microbial abundance sponges clustered together, with S. maori and sponge S1 having most similar Chloroflexi communities. Low microbial abundance sponges R. topsenti and Polymastia sp. clustered together with a similarity value of < 50%. Tethya stolonifera clustered with the HMA sponges but shared only about 40% similarity with them. Chloroflexi community profiles of HMA sponges were also compared with Chloroflexi communities associated with other benthic organisms or present in biofilms covering rocks (Fig. 3b) . With the exception of the alga C. torulosa, all three individuals of each sample and the three rock biofilm samples clustered together with a Chloroflexi community similarity between 80% and 90% (except ascidian A which had similarity values between 50% and 60% among individuals). The Chloroflexi profiles of the three HMA sponges which clustered together were different from all other samples. They shared some similarity in their Chloroflexi communities with the algae G. kunthii and C. torulosa as well as with ascidian B. Most dissimilar to the sponges and all other samples were the Chloroflexi community profiles in biofilms collected from rocks.
Phylogenetic analysis of Chloroflexi bacteria in sponges
To provide an update on the total phylogenetic diversity of Chloroflexi bacteria in sponges we complemented the 206 newly obtained 16S rRNA gene sequences of this study with an additional 579 sponge-derived 16S rRNA gene sequences available in GenBank (Fig. 4) . Phylogenetic tree construction revealed 25 SSC as defined by Hentschel et al. (2002) which included between three and 102 16S rRNA gene sequences from up to 16 different sponge species (labeled as CFX-SSC clusters in Fig. 4 ). In addition, four more clusters were identified which included 13-48 sponge-derived (from up to 12 different species) and up to three coral-derived 16S rRNA gene sequences (labeled as CFX-SCC clusters in Fig. 4) . Another cluster was identified that comprised 252 sponge-derived 16S rRNA gene sequences from 20 different sponge species, three coral-derived 16S rRNA gene sequences and a single nonsponge, noncoral-derived 16S rRNA gene sequence from a cyanobacterial mat. Due to its large size this cluster was termed CFX sponge-supercluster (Fig. 4) . Overall, 58% and 32% of the spongederived 16S rRNA gene sequences fell into SSC/SCC clusters and the CFX sponge-supercluster, respectively. Sponge-derived 16S rRNA gene sequences and SSC/SCC clusters were distributed across the whole Chloroflexi 46 (100) 45 (100) 47 (100) 11 (48) 21 (100) 13 (62) (98) 43 (96) 47 (100) 4 (36) 2 (10) 6 (46) 0 CFX, Chloroflexi; HMA, high microbial abundance; LMA, low microbial abundance; OTUs, operational taxonomic units; SCC, sponge-coral cluster; SSC, sponge-specific cluster.
phylum and fell into e.g. the Caldilinea and Anaerolinea subgroups or the SAR202 clone group (Hugenholtz et al., 1998; Yamada et al., 2006) . However, no sponge-derived 16S rRNA gene sequence was affiliated with the class Chloroflexi. Also, none of the sponge-derived 16S rRNA gene sequences was closely related to a cultivated representative of the phylum Chloroflexi. None of the four 16S rRNA gene sequences from the seawater library fell into SSC or SCC clusters, although clones CFXSW25 and CFXSW16 had as most similar sequence a sponge-derived 16S rRNA gene sequence (Fig. 4) .
Discussion
In 1981, Reiswig introduced the term bacteriosponge to describe 'species harboring large symbiotic bacterial populations' and contrasted them with nonbacteriosponges, described as 'lacking such large bacterial populations and considered "normal" sponges' (Reiswig, 1981) . Later, Hentschel et al. (2003) adapted this classification using the terms high and low microbial abundance (HMA and LMA) sponges. Subsequent molecular studies showed that in LMA sponges not only the number of bacterial cells, but also the diversity of microorganisms, is reduced (Weisz et al., 2007; Kamke et al., 2010) . Further differences include the acquisition of symbionts [vertical bacterial transmission occurs mostly in HMA sponges (Schmitt et al., 2007a) ], metabolic status [due to microbial input of nitrogen only in HMA sponges (Weisz et al., 2007) ], and production of secondary metabolites [including certain polyketides and methyl-branched fatty acids only in HMA sponges; these substances are likely produced by members of the Poribacteria which also have only been found in HMA sponges (Hochmuth et al., 2010) ]. TEM is a fast and effective technique to classify HMA and LMA sponges because bacterial cells are easy to identify in the sponge mesohyl. We performed an initial TEM survey on several NZ sponges. In addition to the HMA Chloroflexi bacteria in marine sponges (a) Fig. 4 . 16S rRNA gene sequence based maximum likelihood tree of sponge-associated Chloroflexi bacteria. The tree is displayed as three subtrees (a, b, c), arrows go to the remaining tree parts. All sponge-derived 16S rRNA gene sequences are given in bold. Shaded boxes represent sponge-specific clusters according to the definition by Hentschel et al. (2002) and are either labeled as SSC or SCC depending on whether or not the respective cluster also contains coral-derived sequences. The number of coral-derived sequences in a SCC is indicated by the number of asterisks at the respective wedge. The abbreviations ML and MP indicate that the sponge-specific cluster CFX-SCC16 was only supported in maximum likelihood and maximum parsimony trees. The sponge names outside of wedges indicate species from which the respective sequences were derived. Numbers in parenthesis indicate the number of sequences per sponge. Filled and open circles show bootstrap support of > 95% and > 80%, respectively. Scale bar indicates 10% sequence divergence. , we chose two more HMA (S. maori, unidentified sponge S1) and two more LMA (R. topsenti, T. stolonifera) sponges for this study (Fig. 1) . Visual inspection of FISH images supported the TEM-based classification of these six sponges into HMA and LMA groups (Fig. 1) . True quantitative data for sponge symbionts are scarce (Cassler et al., 2008; Bruck et al., 2010; Noyer et al., 2010) and even relative abundance data are limited (Friedrich et al., 1999 (Friedrich et al., , 2001 Fieseler et al., 2004; Hoffmann et al., 2006) . Fieseler et al. (2004) could show that a Chloroflexi-specific probe yielded more signals in the sponge Aplysina aerophoba than probes specific for other bacterial phyla or subphyla with the exception of the candidate phylum Poribacteria, suggesting a high proportion of Chloroflexi in the bacterial community of this HMA sponge. Although it was not possible to determine the fraction of Chloroflexi bacteria of the whole bacterial communities in this study, our data revealed much higher numbers of Chloroflexi cells in the HMA than those in the LMA sponges (Fig. 1) . Although Chloroflexi-affiliated 16S rRNA gene sequences are commonly found in sponge clone libraries and sometimes even dominate these libraries (Hentschel Thiel et al., 2007; Mohamed et al., 2008a; Kamke et al., 2010) , the number of different Chloroflexi bacteria in a single sponge species remains unclear. Here, we established a PCR protocol whereby we combined a Chloroflexi-specific primer with a universal bacterial primer to amplify a specific but also long (c. 900 bp) fragment of the 16S rRNA gene. Indeed, all obtained sequences from the HMA sponges and Polymastia sp. were affiliated with the Chloroflexi. However, only 48-62% of sequences from the other two LMA sponge libraries and only 9% of sequences from the seawater library were derived from Chloroflexi bacteria ( Table 1) . The likely reason for this is that in HMA sponges Chloroflexi are present in high abundances but in LMA sponges and also in seawater the concentration of Chloroflexi bacteria is reduced (as shown by FISH data) and therefore also non-Chloroflexi DNA was amplified. OTUs were defined by using 98% and 95% sequence similarity as approximate thresholds for bacterial species and genera, respectively. Our data indicate that there are 14-16 genera and 17-21 species of Chloroflexi in HMA sponges, 3-9 genera and 3-10 species in LMA sponges and three species representing three genera in seawater (Table 1) . Based on a recent 454 pyrosequencing study, with 97% sequence similarity applied as an approximate threshold for bacterial species, it appears that there may be even more Chloroflexi-affiliated bacterial species per HMA sponge (Schmitt et al., 2011) . It is evident that the Chloroflexi diversity in HMA sponges is higher than that in LMA sponges and seawater.
The Chloroflexi community structure was compared among sponges based on the sequence data of the clone libraries (Fig. 2) and on banding patterns of DGGE analysis (Fig. 3a) . In both cases, Chloroflexi community profiles are similar among HMA sponges and different to LMA sponges. Community profiles among LMA sponges appear more variable and at least the community in Polymastia sp. seems to largely resemble the seawater community (Fig. 2) . A similar difference was previously reported for the total bacterial communities in sponges (Weisz et al., 2007) . In that study, the two sponges Ircinia felix and Aplysina cauliformis were first identified by TEM as HMA sponges and Niphates erecta as an LMA sponge. Subsequent analysis of DGGE banding patterns among sponges revealed a similar dichotomy of HMA and LMA sponges as seen in this study. Our data indicate that HMA sponges share a specific Chloroflexi community that is largely absent from LMA sponges or seawater. To test whether or not these specific Chloroflexi can be found in other hosts or environments DGGE analysis was performed with a set of algae, ascidians, a gastropod, and rock biofilm samples (Fig. 3b) . The three HMA sponges clustered together with some of the algae and ascidian samples, however the similarity values are low indicating that the specific Chloroflexi lineages in HMA sponges are absent from other hosts and environments.
Generally, specificity of sponge-associated bacteria is often concluded from the existence of SSC that were first introduced by Hentschel et al. (2002) and confirmed and extended by subsequent studies (reviewed in Taylor et al., 2007) . However, whether or not these clusters contain preferentially 16S rRNA gene sequences from e.g. HMA sponges has not been studied. Not surprisingly, none of our seawater-derived Chloroflexi 16S rRNA gene sequences fell into a SSC (Fig. 4) , confirming both our UNIFRAC analysis (Fig. 2) and previous sequence data that sponges contain a bacterial community distinct from seawater communities (Hentschel et al., 2003) . Interestingly, we found a clear difference for sponge-derived Chloroflexi 16S rRNA gene sequences. At least 78% of HMA spongederived, but only up to 36% of LMA sponge-derived, 16S rRNA gene sequences fell into SSC (Table 1, Fig. 4 ). This difference is even more obvious when the sponge-supercluster (see below) is considered as well. While the HMA sponges share many sponge-specific Chloroflexi lineages, LMA sponges seem to contain only few specific Chloroflexi bacteria. However, it is an interesting observation that some of the sponge-specific Chloroflexi in LMA sponges seem to cluster only with other bacteria from LMA sponges. For example, clone CFXTet15 from T. stolonifera built a SSC together with three clones (Acc. No. EF630212-14) from the Caribbean sponge Mycale laxissima (Mohamed et al., 2008b) which has been previously identified as an LMA sponge by TEM (Schmitt et al., 2007a) . It might therefore be possible that LMA sponges have a specific yet not diverse Chloroflexi community of their own.
In an early compilation of sponge-derived 16S rRNA gene sequences, 42 of 190 were affiliated with the Chloroflexi and one SSC was identified within this phylum (Hentschel et al., 2002) . In 2007, 109 out of c. 1700 16S rRNA gene sequences from sponges belonged to the Chloroflexi and 12 SSC were found (Taylor et al., 2007) . Since then, the phylogeny of bacterial phyla in sponges has not been updated, with the exception of Poribacteria (Lafi et al., 2009) , despite the vastly increased number of available sponge-derived 16S rRNA gene sequences in public databases. Here, we provide an updated and largely extended phylogeny of Chloroflexi bacteria in sponges. There are now > 780 Chloroflexi-affiliated 16S rRNA gene sequences obtained from sponges (excluding 454 amplicon pyrosequencing data) and the number of SSC increased to 25 plus an additional four clusters that also contained coral-derived sequences. However, it is the size of some of these clusters that is most intriguing. While sponge-specific Chloroflexi clusters in the Taylor study contained up to 11 sequences from at most five different sponges (Taylor et al., 2007) , there is now a cluster with > 100 sequences from as many as 16 sponges (cluster CFX-SSC4; Fig. 4 ). Even bigger is the sponge-supercluster, though it is technically not a SSC as it contains, in addition to > 250 sponge-derived 16S rRNA gene sequences from 20 sponges, a single sequence from a nonsponge source (microbial mat). A tendency becomes clear for Chloroflexi bacteria in sponges: With more available 16S rRNA gene sequences the number of SSCs and the size of these clusters increases with a doubling of SSCs and up to ten times bigger clusters since the Taylor study in 2007.
These SSC indicate that there are many highly sponge specific Chloroflexi lineages that are associated with a wide range of sponges. This specificity suggests a close relationship however the role of Chloroflexi in sponges is still largely uncharacterized. There has been only a single Chloroflexi isolate from a sponge so far which has not been further characterized (Bruck et al., 2010) and cultivation of any sponge-specific bacterium has proven to be difficult. More promising might be the application of cultivation-independent methods that e.g. recently allowed the identification of a sponge-specific Chloroflexi lineage as the likely producer of nonribosomal peptides . Further elucidating the role of spongespecific Chloroflexi and determining the interactions with their hosts remains a big challenge for future studies.
Conclusions
In this study we applied a range of different microscopic and molecular techniques to characterize the association of Chloroflexi bacteria and marine sponges. Our data revealed a clear dichotomy between HMA and LMA sponges in that HMA sponges contain more abundant and more diverse Chloroflexi communities and share many sponge-specific Chloroflexi lineages. LMA sponges contain less diverse Chloroflexi communities that might partly represent seawater bacteria while few Chloroflexi lineages might be specifically associated with only LMA sponges. Overall, the diversity of Chloroflexi in sponges is enormous and the high specificity of the associations suggests an ecological importance of this prominent phylum in sponges.
